Ink4a/Arf Regulation by let-7b and Hmga2: A Genetic Pathway Governing Stem Cell Aging  by Tzatsos, Alexandros & Bardeesy, Nabeel
Cell Stem Cell
PreviewsInk4a/Arf Regulation by let-7b and Hmga2:
A Genetic Pathway Governing Stem Cell Aging
Alexandros Tzatsos1 and Nabeel Bardeesy1,*
1Massachusetts General Hospital Cancer Center, Harvard Medical School, Boston, MA 02114, USA
*Correspondence: bardeesy.nabeel@mgh.harvard.edu
DOI 10.1016/j.stem.2008.10.008
Stem cell self-renewal capacity declines with age. In a recent issue of Cell, Nishino and colleagues (2008)
show that Hmga2 maintains neural stem cell (NSC) function in young mice through repression of the
Ink4a/Arf locus; in contrast, during aging, elevated let-7b blocks Hmga2 and contributes to declining NSC
function.Impaired tissue maintenance and repair
are hallmarks of aging. Recent studies
suggest that an age-associated decline
in adult stem cell function may account
for this phenotype (Janzen et al., 2006;
Molofsky et al., 2006). Adult stem cells,
found in different organs after embryonic
development, divide to replenish dying
cells and regenerate damaged tissues.
Neural stem cells (NSCs) reside in the
subventricular zone of the lateral ventri-
cles of the brain and contribute to neuro-
genesis in adulthood. Both the formation
of neurons and the self-renewal potential
of NSCs decline with age.
Deciphering the molecular events that
regulate multipotency and self-renewal
in adult stem cells—and importantly,
how aging modifies these processes—
are major challenges in the field of adult
stem cell research. A clear understanding
of this process could allow for the efficient
isolation, expansion, and use of stem cells
for therapeutic purposes. To this end,
Morrison and colleagues performed a ge-
nome-wide analysis to identify genes that
are preferentially expressed in fetal and
young adult NSCs, which have high self-
renewal potential, compared to old adult
NSCs (Nishino et al., 2008). This analysis
revealed that High Mobility Group A2
(Hmga2), a chromatin-associated protein
that modifies transcription by altering
chromatin structure, was highly ex-
pressed in fetal and young adult NSCs,
but not in old adult NSCs. Using Hmga2
knockout mice, the authors showed that
Hmga2 is required for the normal prolifer-
ation and self-renewal of fetal and young
adult stem cells of the central and periph-
eral nervous systems. The decreased
stem cell function in the Hmga2 mutants
mirrored that seen in older wild-typemice. Hmga2 was dispensable for the
formation of NSCs during embryonic de-
velopment and for NSCs to undergo mul-
tilineage differentiation. Hence, Hmga2
specifically prevents NSCs from undergo-
ing premature aging.
What controls the loss of Hmga2 ex-
pression during aging? Interestingly, Nish-
ino et al. found that the temporal impact of
Hmga2 on NSCs is partially regulated by
the let-7b microRNA (Bu¨ssing et al.,
2008), an inhibitor of Hmga2 (Fusco and
Fedele, 2007), whose levels increase with
age. This finding expands the previously
documented important role of microRNAs
in the regulation of the core transcriptional
circuitry that directs self-renewal of embry-
onic stem cells (Marson et al., 2008). To-
gether, these studies suggest that distinct
microRNAs may be critical for the temporal
and tissue-specific aspects of transcrip-
tional programs involved in the mainte-
nance of multipotent stem cells.
How might Hmga2 mediate its critical
functions? The authors chose to focus
on the potential role of the Ink4a/Arf locus.
The pronounced activation of Ink4a/Arf is
a well-established molecular event in
aged tissues (Kim and Sharpless, 2006)
(Figure 1A). Ink4a/Arf induction may be
developmentally programmed in somatic
cells or triggered by several types of
stress, such as DNA damage, telomere
shortening, and oncogene activation.
The Ink4a/Arf locus encodes two distinct
proteins, p16Ink4a and p19Arf (p14Arf in hu-
mans) that regulate the pRb and p53
pathways, respectively. Activation of
Ink4a/Arf promotes cell-cycle arrest that
contributes to both organismal aging
and tumor suppression. Whereas most
normal murine tissues upregulate p16Ink4a
and p19Arf with physiologic aging and hu-Cell Stem Cell 3,man tissues upregulate p16Ink4a, a large
number of human cancers harbor inacti-
vating mutations in the INK4a/ARF locus
(Sharpless and DePinho, 2007). Signifi-
cantly, p16Ink4a induction contributes to
the decline of hematopoietic and neural
stem cell function in aged animals (Janzen
et al., 2006; Molofsky et al., 2006). While
these studies establish a clear link be-
tween aging, p16Ink4a expression, and de-
cline in replicative capacity of stem cells,
the specific mechanism leading to the in-
duction of p16Ink4a has remained unre-
solved. It is notable that Bmi1, a polycomb
group protein involved in the maintenance
of self-renewal of embryonic stem cells,
expands the population of adult hemato-
poietic stem cells and NSCs by repressing
Ink4a/Arf (Kim and Sharpless, 2006); how-
ever, Bmi1 levels did not appear to decline
with age, suggesting that other factors
contribute to the temporal regulation of
the locus in response to aging (Janzen
et al., 2006; Molofsky et al., 2006).
Now, Nishino and colleagues demon-
strate that Hmga2 represses the Ink4a/
Arf locus in fetal and young NSCs, and
that Ink4a/Arf deletion—or individual
deletion of p16INK4a or p19ARF—partially
rescues the loss of NSC self-renewal
caused by Hmga2 deficiency. Together,
these data suggest an important genetic
interplay between let7b, Hmga2, and
Ink4a/Arf that regulates stem cell aging
(Figure 1B). Since Ink4a/Arf deletion
does not completely rescue the stem
cell defects in Hmga2 mutant mice, addi-
tional genes downstream of Hmga2 likely
also contribute to NSC self-renewal. It is
notable that other studies have shown
that the Twist and Slug/Snail transcrip-
tion factors are induced by Hmga2
(Thuault et al., 2006) and can contributeNovember 6, 2008 ª2008 Elsevier Inc. 469
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(A) Schematic of the relative expression changes of
let-7b, Hmga2, Ink4a, and Arf during aging. Note
Arf increases with age in murine tissues, but not
in human tissues.
(B) Schematic of Ink4a/Arf regulatory pathway in
murine NSC. During aging, there is a gradual accu-
mulation of let-7b that blocks Hmga2 expression
resulting in derepression of the Ink4a/Arf locus.
The Ink4a/Arf locus controls expression of two pro-
teins, p16Ink4a and p19Arf, encoded by different first
exons and different reading frames of common
second and third exons. Both p16Ink4a and p19Arf
limit self-renewal of murine NSC.470 Cell Stem Cell 3, November 6, 2008 ª2to self-renewal in other cell types (Mani
et al., 2008), although there is currently
no evidence linking them the NSC self-
renewal.
How Hmga2 represses the Ink4a/Arf
locus is not established, but the authors
postulate that this may take place indi-
rectly via Hmga2-mediated repression of
JunB, an activator of the Ink4a/Arf locus.
What is left to be determined, given the
fact that Hmga2 does not bind the Ink4a/
Arf locus, is (1) whether Hmga2 cooper-
ates with established repressors of the
locus, such as the Polycomb group pro-
teins, and (2) what are the Hmga2-driven
epigenetic events that silence the locus.
The answer to these questions may pro-
vide significant clues on the nature of
transcriptional and epigenetic networks
that regulate self-renewal in adulthood.
Nishino et al. have illuminated two
steps upstream of Ink4a/Arf in the control
of neural stem cell aging: induction of
let-7b and repression of Hmga2. The
next obvious question is what accounts
for the age-associated induction of let-7b.
An attractive candidate is the develop-
mentally regulated RNA-binding protein,
lin-28 (Bu¨ssing et al., 2008). Lin-28 blocks
the processing of let-7 family microRNAs
in embryonic stem cells and NSCs and,
thereby, promotes self-renewal. In addi-
tion, it will be of particular interest to de-
termine whether the regulation of let-7b
reflects a cell-counting mechanism, the
cumulative exposure to cellular stresses,
or to developmental programming. Fur-
thermore, the relevance of the authors’
findings to INK4a/ARF regulation and
aging in human tissues needs to be ad-
dressed. In this regard, it is notable that
polymorphisms at the INK4a/ARF locus008 Elsevier Inc.have been associated with aging-related
diseases in genetic mapping studies
(Sharpless and DePinho, 2007), suggest-
ing that expression of this locus may con-
tribute to the onset of human age-related
conditions such as diabetes, atheroscle-
rosis, and frailty. Finally, the role of Hmga2
in maintaining stem cell proliferation could
have an unfortunate flipside; Hmga2 is
overexpressed in many tumor types and
can directly promote cancer in mouse
models (Fusco and Fedele, 2007).
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